Heterotrimeric G proteins composed of Ga, Gb, and Gg subunits are important signalling agents in both animals and plants. In plants, G proteins modulate numerous responses, including abscisic acid (ABA) and pathogen-associated molecular pattern (PAMP) regulation of guard cell ion channels and stomatal apertures. Previous analyses of mutants deficient in the sole canonical Arabidopsis Ga subunit, GPA1, have shown that Ga-deficient guard cells are impaired in ABA inhibition of K + influx channels, and in pH-independent activation of anion efflux channels. ABA-induced Ca 2+ uptake through ROS-activated Ca
Introduction
The plant hormone abscisic acid (ABA) regulates a wide range of physiological and developmental processes Finkelstein et al., 2002; Li et al., 2006; Acharya and Assmann, 2009) . In response to drought stress, ABA inhibits stomatal opening and promotes stomatal closure, thus reducing transpirational water loss under conditions of water deficit. In guard cells, ABA inhibits ion channels mediating K + influx and activates channels mediating Ca 2+ uptake and anion efflux, with the consequence of net ion efflux and turgor reduction (Blatt, 2000; Schroeder et al., 2001; Roelfsema and Hedrich, 2005; Pandey et al., 2007) . These stomatal responses to ABA are mediated by an intricate signalling network (Hetherington, 2001; Li et al., 2006) , initiated by ABA perception via soluble and membrane-associated receptors (Ma et al., 2009; Pandey et al., 2009; Park et al., 2009) .
We have shown that signalling through heterotrimeric GTP-binding proteins (G proteins), composed of Ga, Gb, and Gc subunits, comprises one element of the guard cell ABA network Coursol et al., 2003; Perfus-Barbeoch et al., 2004; Fan et al., 2008; Pandey et al., 2010) . Classically, upon signal reception by a receptor coupled to the heterotrimer, the Ga subunit separates from the Gbc dimer, and either one or both of these components Abbreviations: ABA, abscisic acid; H 2 DCF-DA, 2'7'-dichlorofluorescin diacetate; PA, phosphatidic acid; ROS, reactive oxygen species; DTT, dithiothreitol. ª The Author [2011] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com interact with downstream elements to propagate the signal . Guard cells of null mutants in the sole canonical Ga subunit of Arabidopsis, GPA1, lack ABA inhibition of inward K + channels and pH-independent ABA activation of anion channels as well as regulation of these processes by phosphorylated long-chain bases such as sphingolipids Coursol et al., 2003 Coursol et al., , 2005 Mishra et al., 2006; Fan et al., 2008) . As a result, gpa1 stomata are hyposensitive to ABA inhibition of light-induced stomatal opening. However, ABA still induces stomatal closure in gpa1 mutants, possibly via parallel, pH-dependent pathways of activation of anion channels and outward K + channels that still operate in these mutants Coursol et al., 2003; Mishra et al., 2006) . The identical phenotypes are seen in guard cells of the Gb mutant, agb1 (Fan et al., 2008) .
Another key component of ABA signalling in guard cells is ABA-stimulated production of reactive oxygen species (ROS) by the NADPH oxidases AtrbohD and AtrbohF (Kwak et al., 2003) . AtrbohF is phosphorylated by the ABAactivated protein kinase, OST1 , upon relief of inhibition of this kinase by PP2C phosphatases, which are suppressed upon ABA perception (Ma et al., 2009; Park et al., 2009; Cutler et al., 2010; Kim et al., 2010) . Direct application of ROS to guard cells is known to inhibit inward K + channels and also to activate hyperpolarization-activated Ca 2+ -permeable I Ca channels and stomatal closure (Pei et al., 2000; Murata et al., 2001; Zhang et al., 2001) . In turn, imposed elevations in cytosolic Ca 2+ activate anion efflux channels and stomatal closure Mori et al., 2006) , consistent with the loss of guard cell ionic content that occurs during this process. ABA, acting through ROS, also inhibits guard cell H + ATPase activity (Zhang et al., 2004) , contributing to membrane depolarization, suppression of inward K + channel opening, and promotion of anion efflux.
It has been observed that production of ROS in response to the air pollutant, ozone (O 3 ) (Joo et al., 2005) , and in response to extracellular calmodulin , is impaired in gpa1 guard cells. In addition, PLDa is also involved in ABA signalling and interacts with GPA1 during ABA inhibition of stomatal opening (Mishra et al., 2006) . PLDa and its product, phosphatidic acid (PA), promote ABA-induced ROS production . These observations, coupled with the fact that Ca 2+ -permeable channels have not previously been assayed in gpa1 mutants, led us to investigate whether or not ABA activation of Ca 2+ -permeable channels and ROS production in guard cells are dependent on heterotrimeric G-protein signalling.
Materials and methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Col and gpa1-3 and gpa1-4 mutant plants were used in these experiments. gpa1-3 and gpa1-4 are T-DNA insertional mutants in the Col ecotypic background that have been used extensively in studies of heterotrimeric G-protein function in Arabidopsis Temple and Jones, 2007; Zhang et al., 2008a) ; these mutants are documented by Western analysis to be null mutants at the protein level (Pandey et al., 2006 Guard cell protoplasts and patch clamping Young leaves of plants grown as described above were used for guard cell protoplast isolation, which was performed as reported previously (Pandey et al., 2002; Zhang et al., 2008b) . Patch clamp electrophysiology was performed using previously established techniques (Pei et al., 2000; Zhang and Fan, 2009) , including the use of Ba 2+ as the substitute charge carrier for Ca 2+ (Murata et al., 2001) . For current recording, the following solutions were used, based on previous publications (Pei et al., 2000) . The pipette solution contained 10 mM BaCl 2 , 0.1 mM dithiothreitol (DTT), 4 mM EGTA, and 10 mM HEPES-Tris, pH 7.1, and the bath solution contained 50 mM BaCl 2 , 0.1 mM DTT, and 10 mM MES-Tris, pH 5.6. For the measurement of ABA-activated I Ca activity, 1 mM NADPH (Sigma Aldrich Co. N1630) was added to the pipette solution, based on the protocol of Pei et al. (2000) . The voltage protocol applied was modified from that of Pei et al. (2000) . Specifically, the holding potential was -13 mV, and the voltage ramp was applied from +37 mV to -213 mV at a rate of 23.3 mV s À1 for three repeats administered at 5-s intervals. ABA or H 2 O 2 , at a final concentration of 50 or 100 lM, respectively, was added 10 min after the whole-cell configuration had been achieved, and voltage ramps were acquired starting 10 min after ABA or H 2 O 2 application.
Fluorescent imaging of ROS production ROS production in Arabidopsis guard cells was monitored using the dye 2#7#-dichlorofluorescin diacetate (H 2 DCF-DA; Invitrogen, Carlsbad, CA, USA) according to the basic protocol of Murata et al. (2001) . Epidermal peels were mounted on a microscope slide with medical adhesive (Hollister, Libertyville, IL, USA), and incubated for 3 h in 30 mM KCl and 10 mM MES-KOH, pH 6.5 under white light (150 lmol m À2 s À1 ). Then, H 2 DCF-DA at a final concentration of 30 lM was added to the incubation medium. After 20 min, excess dye was removed by three washes with distilled water. Epidermal tissues were then incubated for the indicated time with 50 lM ABA or with an equal volume of ethanol added as a solvent control. Guard cells were then observed with a laser scanning confocal microscope (LSM 510 Meta; Carl Zeiss, Thornwoood, NY, USA) using a C-Apochromat 403/1.2 W corr water immersion objective. H 2 DCF-DA was excited by the 488-nm line of the argon laser at 4.9 A tube current and 99% attenuation (equal to 1% laser intensity). To prevent photooxidation of H 2 DCF-DA, fluorescence images were collected with a single rapid scan (1.6 ls/pixel, 983.04 ms/frame) at 4003 total magnification. The fluorescence of H 2 DCF was detected using a bandpass emission filter (500-550 nm). Time-lapse imaging of guard cell pairs was performed at 1-min intervals for 30 min. The captured images were analysed using Image J software (NIH, Bethesda, MD, USA). At each time point, the fluorescence intensity of the guard cell pair was measured using Image J software and background fluorescence intensity, defined as the average of three independent regions of interest selected randomly from non-fluorescent areas excluding guard cell pairs was subtracted using Image J software. Finally, the change in fluorescence intensity at each time point was calculated as a percentage of initial fluorescence intensity.
Stomatal aperture measurements
Effects of H 2 O 2 on stomatal movements were studied for both stomatal opening and stomatal closure. Two leaves, from plants grown as described above, were used per treatment. For measurement of stomatal opening, whole leaves were excised in the morning before initiation of the light cycle in the growth chamber, and placed in 'opening buffer' (10 mM KCl, 7.5 mM iminodiacetic acid, 10 mM Mes-KOH, pH 6.15) with the adaxial surface upward. These leaves were kept in darkness for 2.5 h to close stomata, and then H 2 O 2 at a final concentration of 100 lM (same volume of water was added as solvent control) was then added and the dish was moved into the light (150 lmol m À2 s À1 white light). After another 2.5 h under light to induce stomatal opening, the abaxial epidermis was peeled, and the isolated epidermal fragments were placed on a microscope slide and cover slipped, and digital images were taken (Coolpix990; Nikon, Melville, NY, USA) at a total magnification of 4003. For stomatal closure, excised leaves were placed in 'closure buffer' (20 mM KCl, 1 mM CaCl 2 , 5 mM MES-KOH, pH 6.15) and kept under light for 2.5 h to open stomata, then H 2 O 2 at a final concentration of 100 lM (same volume of water was added as solvent control) was added. After another 2.5 h, the abaxial epidermis was peeled and digital images were taken for subsequent measurement. ImageJ (open access software, version 1.37) was used for measurement of stomatal apertures. Three independent replicates were performed and at least 120 stomata were measured for each sample in each replicate. Student's t-test was used to compare the H 2 O 2 effect, and P<0.05 was considered as a significant difference.
Chemicals
Chemicals were purchased from Sigma Aldrich Co. (St Louis, MO, USA), except for cellulysin cellulase (Calbiochem, La Jolla, CA, USA), and Cellulase RS and Pectolyase Y-23 (Sheishin Corporation, Tokyo, Japan).
Results
ABA activates plasma membrane Ca
2+
-permeable channels of Arabidopsis guard cells in a GPA1-dependent manner Guard cell Ca 2+ -permeable channels can be activated by ABA (Hamilton et al., 2000; Pei et al., 2000) , and we observed this same phenomenon in our experiments on wild-type guard cells. As shown in Fig. 1A , D, in Col guard cells under control recording conditions, only small currents were detected, but when 50 lM ABA was applied, large inward currents appeared under negative voltages. These currents are similar in voltage dependence to the I Ca currents that have been described in previous reports (Pei et al., 2000; Ali et al., 2007) . By contrast, ABA activation of these currents was essentially absent in both gpa1-3 and gpa1-4 guard cells (Fig. 1B-D (Fig. 2A) ; these results are similar to those of previous reports (Pei et al., 2000; Murata et al., 2001; Kwak et al., 2003) . Interestingly, unlike the results following ABA exposure (Fig. 1) , H 2 O 2 also activated I Ca currents in guard cells of the two gpa1 mutant lines that were comparable to those of wild type (Fig. 2B-D) .
ROS production is impaired in gpa1 guard cells
The fact that Ca 2+ currents in the gpa1 mutants were unresponsive to ABA yet responded normally to H 2 O 2 led us to hypothesize that ROS function downstream of GPA1 in the ABA-signalling cascade. To test this hypothesis, we measured ROS production in wild-type and gpa1 mutant guard cells following ABA treatment, using the fluorescent ROS indicator, H 2 DCF-DA (Murata et al., 2001) . H 2 DCF-DA dye is known to photo-oxidize (Afzal et al., 2003) , and when we exposed H 2 DCF-DA dye-loaded epidermal strip to 2% or 3% laser intensity, the fluorescence of H 2 DCF-DA increased gradually ( Supplementary Fig. S1 at JXB online) even in the absence of any treatment. However, when we used 1% laser intensity, no such increase in fluorescence occurred (Fig. 3, controls) . To clearly distinguish a biologically based increase in ROS from photoreaction of the H 2 DCF-DA dye, we therefore employed confocal microscopy at the lowest (1%) laser intensity in time-lapse measurements of ROS production following ABA or solvent control treatments. Figure 3 shows representative images (Fig. 3A) and detailed averaged kinetics (Fig. 3B ) of ROS levels from individual Col, gpa1-3, and gpa1-4 guard cell pairs, captured individually at 1-min intervals for 30 min (Supplementary movies S1, S2, and S3 at JXB online). Following ABA application, increasing ROS production was observed in wild-type guard cells, while no significant ROS production was elicited by ABA in gpa1 mutant guard cells.
Stomatal bioassays of gpa1 mutants
Previous reports demonstrate that gpa1 mutants are hyposensitive to inhibition of stomatal opening by exogenously applied ABA Coursol et al., 2003; Misra et al., 2006; Fan et al., 2008) . If GPA1 (Fig. 4A) . We also measured stomatal apertures following H 2 O 2 induction of stomatal closure. As shown in Fig. 4B , there were also no statistically significant differences between wild type and gpa1 mutants in this response. Based on these results, it appears that loss of GPA1 function does not interrupt ROS regulation of stomatal movements.
Discussion
GPA1 is required for ABA activation of guard cell I Ca currents
ABA inhibition of the inward K + channels that account for K + accumulation during stomatal opening (reviewed by Israelsson et al., 2006; Pandey et al., 2007) is abrogated in Ga-deficient guard cells and, consistent with this observation, gpa1 stomata are also hyposensitive to ABA inhibition of light-induced stomatal opening Coursol et al., 2003 Coursol et al., , 2005 Mishra et al., 2006; Fan et al., 2008) . ABA also activates R-type (rapid) and S-type (slow) anion channels (Schroeder and Hagiwara, 1989; Hedrich et al., 1990; Roelfsema and Hedrich, 2004 ) whose activity contributes both to membrane depolarization, which impairs stomatal opening, and to anion loss, which promotes stomatal closure. ABA activation of slow anion channels appears to be activated by ABA via parallel pathways involving cytosolic pH increases and GPA1, respectively, because ABA activation of slow anion channels and ABA-induction of stomatal closure occur normally in stomata of plants lacking GPA1, unless a cytosolic pH clamp is imposed Coursol et al., 2003; Fan et al., 2008) . As a proximate regulatory mechanism, the slow anion channel SLAC1 (Negi et al., 2008; Vahisalu et al., 2008) is modulated via phosphorylation by both Ca 2+ -dependent (CPK) and Ca 2+ -independent (OST1) kinases (Mori et al., 2006; Lee et al., 2009; Geiger et al., 2009 Geiger et al., , 2010 . ALMT12, a member of the ALuminum activated Malate Transporter family, has recently been identified as contributing to R-type anion channel activity in Arabidopsis guard cells (Sasaki et al., 2010; Meyer et al., 2010) , which will facilitate study of R-type anion channel regulation.
The third major class of plasma membrane channels that plays important roles in guard cell ABA responses is Ca 2+ -permeable channels. Therefore, it was of interest to determine whether Ca 2+ -permeable channels, like inward K + channels and S-type anion channels, are also regulated by Ga-dependent pathways. As clearly shown in Fig. 1 , ABA activation of these channels is indeed dependent on G-proteins, as this activation is lost in two independent gpa1 mutant lines.
This result further adds to the interesting system specificity of G-protein-dependent ABA signalling. That is, for ABA inhibition of seed germination and primary root growth, gpa1 plants show ABA hypersensitivity rather than ABA hyposensitivity (Pandey et al., 2006) , while for ABA regulation of gene expression in mesophyll cells, and aspects of both ion channel Fan et al., 2008) and gene regulation (Pandey et al., 2010) in guard cells, ABA hyposensitivity is seen. It is interesting to note that hyperpolarization-activated Ca 2+ -permeable channels of pollen protoplasts show reduced basal activity in gpa1 mutants (Wu et al., 2007) ; it would be of interest to assess whether these channels are ABA regulated in wild-type plants, and, if so, whether that regulation is altered in a gpa1 mutant background.
GPA1 acts upstream of ROS production in the ABA signalling pathway
Compelling studies from several laboratories have demonstrated that ROS are important secondary messengers in ABA signal transduction (Zhang et al., 2001; Kwak et al., 2003; Desikan et al., 2004; Yan et al., 2007; Wang and Song, 2008) , and that experimental imposition of oxidative stress results in increases in cytosolic Ca 2+ concentrations in guard cells (McAinsh et al., 1996; Pei et al., 2000) . Consistent with these observations, NADPH oxidasedependent ROS production in guard cells is required for ABA activation of I Ca currents (Murata et al., 2001) . The lack of ABA-induced Ca 2+ -channel activation that we observed in gpa1 guard cells therefore suggested that ABA-induced production of ROS might also be impaired in these cells.
Two scenarios previously have been described regarding the possible relationship between heterotrimeric G-proteins and ABA-stimulated ROS production in guard cells. Because guard cell ROS production in response to O 3 (Joo et al., 2005) and extracellular calmodulin (Chen et al., 2004) is impaired in gpa1 guard cells, one hypothesis has been that GPA1 functions upstream of NADPH oxidases in ABA signal transduction. On the other hand, Gudesblat et al. (2007) demonstrated that MPK3 kinase acts downstream of ROS production in guard cell ABA signalling, and they pointed out interesting similarities between gpa1 mutant phenotypes and phenotypes of plants with reduced levels of guard cell MPK3 kinase: both types of plant show impairment of ABA inhibition of stomatal opening, wildtype ABA promotion of stomatal closure, and loss of wildtype ABA promotion of stomatal closure upon imposition of a cytosolic pH clamp. Between these two scenarios, our data are more consistent with the former rather than the latter. GPA1 appears to be required for guard cell ROS production in response to ABA (Fig. 3) and thus presumably functions upstream of the NADPH oxidases, AtrbohD and AtrbohF. Consistent with the hypothesis that GPA1 is required for ROS production, upon exogenous provision of H 2 O 2 , gpa1 Ca 2+ currents (Fig. 2 ) and stomatal movements (Fig. 4) are identical to those of wild-type plants.
A scenario whereby GPA1 functions upstream of NADPH oxidases in ABA signal transduction is also consistent with other observations. Integration of published data suggests that GPA1 can act in a rapid signalling pathway through phospholipase D and its product, phosphatidic acid, to activate AtrbohD/F via ROP2 (Li et al., 2006 ). An alternative explanation for the gpa1 phenotypes would be that gpa1 knockout simply prevents expression of AtrbohD/F. Proteomic data on expression of AtrbohD/F proteins in the gpa1 background are not available to assess this hypothesis. Published microarray data (Pandey et al., 2010) suggest a reduction, but not absence, of AtrbohD transcripts in gpa1 intact guard cells; however, no significant reduction is seen for AtrbohF in the same data set, nor for either NADPH oxidase in gpa1 guard cell protoplasts (unpublished data), and so this explanation seems insufficient to account for our observations.
Integrating GPA1 with other known secondary messengers in ROS-related ABA signalling in guard cells Numerous secondary messengers have been shown by genetic, biochemical, and/or pharmacological approaches to participate in ROS production during guard cell ABA signalling (Li et al., 2006) . The phospholipase Da1 (PLDa1) (Zhao and Wang, 2004) produces PA. In turn, PA promotes NADPHdependent ROS production via binding to RbohD , and inhibits stomatal opening and K + currents of guard cells (Jacob et al., 1999) . The lipid kinase, PI3 kinase, has also been implicated in guard cell ROS production (Park et al., 2003) . Other proteins implicated to function upstream of ROS production in guard cells include enzymes that regulate protein phosphorylation status. The rcn1 mutant, lacking a protein phosphatase 2A subunit, is impaired in both ROS production and cytosolic Ca 2+ elevation in response to ABA (Kwak et al., 2002; Saito et al., 2008) . ABA-induced ROS production and Ca
2+
-channel activation are also impaired in abi1-1, a dominant-negative mutant of abi1 (Murata et al., 2001) . Mutants of the Ca 2+ -independent ABA-activated protein kinase, ost1, also exhibit a loss of ABA-induced ROS production (Mustilli et al., 2002) . Wild-type ABI1 and related PP2C phosphatases physically interact with and inhibit the ABA-activated Ca 2+ -independent kinase, OST1, as well as related SnRK2 protein kinases, and this inhibition is relieved by ABA binding to PYR1/PYL/ RCAR proteins, which interact with the PP2C phosphatases (Yoshida et al., 2006; Ma et al., 2009; Park et al., 2009; Santiago et al., 2009; Umezawa et al., 2009; Vlad et al., 2009; Cutler et al., 2010; Hubbard et al., 2010; Nishimura et al., 2010) . All of the above proteins are interesting candidates for future study vis-a`-vis potential regulation of, or by, GPA1. Among them, to date, it is known that the GDP-bound form of GPA1 physically interacts with and inhibits PLDa1 (Mishra et al., 2006) .
The role of GPA1-mediated Ca 2+ channel activation in stomatal opening compared with stomatal closure Guard cells of gpa1 mutants show hyposensitivity in ABA inhibition of stomatal opening but ABA promotion of stomatal closure in gpa1 plants occurs to the same extent as in wild-type plants Fan et al., 2008) . Because gpa1 guard cells fail to produce ROS in response to ABA (Fig. 3 ), yet exhibit normal stomatal closure following ABA exposure Fan et al., 2008) , ROSbased signalling is apparently not necessary for stomatal closure. This situation is analogous to that previously shown for cytosolic Ca 2+ elevation, where Ca 2+ elevation is sufficient, but not necessary, for activation of slow anion channels and stomatal closure (Schroeder and Hagiwara, 1989; MacRobbie, 1998; Levchenko et al., 2005; Marten et al., 2007; Chen et al., 2010) . ROS production may be more essential for inhibition of stomatal opening than for promotion of stomatal closure. For example, the inward K + channels that mediate K + uptake during stomatal opening are inhibited by ROS (Zhang et al., 2001) , but the K + channels that mediate K + efflux during stomatal closure are not activated by ROS. To the contrary, outward K + channels are actually inhibited by ROS application (Kohler et al., 2003) . Therefore, at least during stomatal closure, ABA signalling must utilize pathways that exist in parallel with ROS-based signalling, as has been previously noted (Mori et al., 2006) .
Because ABA fails to activate Ca 2+ channels in gpa1 guard cells, and gpa1 guard cells are ABA hyposensitive in stomatal opening but not in stomatal closure, one conclusion might be that cytosolic Ca 2+ elevation is more central to inhibition of stomatal opening, or prolongation of the closed state of stomata, than it is to promotion of stomatal closure. However, ABA also induces Ca 2+ release from internal stores (MacRobbie 1998), although the molecular mechanisms remain to be fully elucidated (Wheeler and Brownlee, 2008; Roelfsema and Hedrich, 2010) and this release might compensate partially or fully for the lack of Ca 2+ uptake in gpa1 guard cells. Future studies of cytosolic Ca 2+ dynamics in gpa1 guard cells will be required to address this issue, and to determine the relationship between ABA receptor proteins and Ca 2+ signalling (Hubbard et al., 2010) . In conclusion, our study has supplied new evidence showing that, during ABA response, GPA1 acts upstream of ROS production and Ca 2+ influx through Ca
-permeable channels in the guard cell signalling network.
Supplementary data
Supplementary data are available at JXB online. Supplementary Fig. S1 . High laser intensity induces photo-oxidation of H 2 DCF-DA fluorescence.
Supplementary Movie S1. ROS imaging in a Col guard cell pair in response to 50 lM ABA.
Supplementary Movie S2. ROS imaging in a gpa1-3 guard cell pair in response to 50 lM ABA.
Supplementary Movie S3. ROS imaging in a gpa1-4 guard cell pair in response to 50 lM ABA.
